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Philadelphia, Philadelphia, PennsylvaniaABSTRACT Using molecular dynamics simulations, we studied the structure, interhelix interactions, and dynamics of trans-
membrane proteins. Specifically, we investigated homooligomeric helical bundle systems consisting of synthetic a-helices
with either the sequence Ac-(LSLLLSL)3-NH2 (LS2) or Ac-(LSSLLSL)3-NH2 (LS3). The LS2 and LS3 helical peptides are
designed to have amphipathic characteristics that form ion channels in membrane. We simulated bundles containing one to
six peptides that were embedded in palmitoyl-oleoyl-phosphatidylcholine (POPC) lipid bilayer and placed between two lamellae
of water. We aim to provide a fundamental understanding of how amphipathic helical peptides interact with each other and their
dynamical behaviors in different homooligomeric states. To understand structural properties, we examined the helix lengths, tilt
angles of individual helices and the entire bundle, interhelix distances, interhelix cross-angles, helix hydrophobic-to-hydrophilic
vector projections, and the average number of interhelix hydrophilic (serine–serine) contacts lining the pore of the transmem-
brane channel. To analyze dynamical properties, we calculated the rotational autocorrelation function of each helix and the
cross-correlation of the rotational velocity between adjacent helices. The observed structural and dynamical characteristics
show that higher order bundles containing four to six peptides are composed of multiple lower order bundles of one to three pep-
tides. For example, the LS2 channel was found to be stable in a tetrameric bundle composed of a ‘‘dimer of dimers.’’ In addition,
we observed that there is aminimum of two strong hydrophilic contacts between a pair of adjacent helices in the dimer to tetramer
systems and only one strong hydrophilic interhelix contact in helix pairs of the pentamer and hexamer systems.We believe these
results are general and can be applied to more complex ion channels, providing insight into ion channel stability and assembly.INTRODUCTIONIntegral membrane proteins are required for cell function
and are predicted to constitute ~30% of the currently
sequenced genomes (1). These proteins compose up to
80% of the mass of biological membranes, and generally
these proteins determine the functional activity of mem-
branes (1). Membrane ion channels, pores, and transporters
allow particular atoms or molecules to travel across the
cellular membrane that are essential for normal physiolog-
ical function (2). Coordinated actions and myriad operations
of ion channels enable normal cell function, such as main-
taining osmotic equilibrium, facilitating bioenergetics, and
providing the means for transmitting environmental signals
(3). Ion channels operate by regulating the ionic flow
through membranes by selectively allowing certain ionic
species, such as Naþ, Ca2þ, and Cl–, to be transported across
the membrane and down their electrochemical gradient
(4–6). One of the biggest hindrances in experimental studies
of ion channels is obtaining three-dimensional structures,
which results from struggles in sample preparation, expres-
sion, purification, and crystallization (7–10). Investigators
have also used molecular modeling techniques to study
ion channel structure and function (6,11,12). However,
this remains an exigent task because the structure and
composition for most ion channels are unidentified fromSubmitted January 24, 2013, and accepted for publication July 15, 2013.
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0006-3495/13/10/1569/12 $2.00the experimental difficulties stated above. Furthermore,
the assembly of ion channels is complicated because of
inhomogeneous membrane environment, the complex sub-
unit composition, and the unknown relative position of
each subunit within the oligomeric bundle.
Ion channels are typically composed of several subunits,
which assemble to form a functioning channel (4). In many
cases, ion channels are homooligomeric with a hydrophilic
lumen and assemble from separate monomers (13,14).
Commonmotifs found in these ion channels are amphipathic
a-helical peptides composed of polar residues on one side
and nonpolar residues on the other. Guided by these amphi-
pathic properties, DeGrado and coworkers (15) designed and
synthesized the LS2 and LS3 peptides. These peptides have
a simple sequence, Ac-(LSLLLSL)3-NH2 for LS2 and
Ac-(LSSLLSL)3-NH2 for LS3, where leucine (L) is
hydrophobic with high helix-forming propensity, and serine
(S) is polar and constitutes the hydrophilic face of the helix
(15). The sequence pattern of polar/nonpolar residues of the
LS2 and LS3 peptides is similar to naturally occurring pep-
tide sequences found in M2 influenza virus (16–18), alame-
thicin (19–21), and the fusion peptides studied by Donald
et al. (22). In addition to the amphipathic nature of the pep-
tide, the length of the peptide is designed to be comparable to
the thickness of the lipid bilayer to minimize hydrophobic
mismatch (23). Despite the simple sequences, these peptides
possess the essential channel-forming characteristics and are
known to form ion channels inmembranes. The LS2 and LS3http://dx.doi.org/10.1016/j.bpj.2013.07.053
FIGURE 1 The initial structure of the LS2 tetrameric bundle where red
represents the water molecules, cyan is the lipid bilayer, and the a-helical
peptides are displayed in red (polar residues) and green (nonpolar residues).
The top right corner panel is the top view looking down at the XY plane, and
the main side view is in the XZ plane.
1570 Nguyen et al.ion channels are voltage gated similar to biologically active
ion channels (15,24,25). Experimentally, it was found that in
0.5 M KCl, LS3 has a channel conductivity value of 70 pS
(4.3  107 ions per second), suggesting that the channel
had one predominant conductance state (25). The average
open lifetime of the LS3 channel was measured to be be-
tween 3 and 8 ms for most experiments, with no systematic
changes in lifetime (15). Furthermore, from analyzing the
conductance distributions in which different chloride salts
(HCl, KCl, LiCl, NaCl, and CsCl) were used as electrolytes,
it was found that the LS3 channel is cation selective (15). For
the LS2 channel, it was found that the channel is less conduc-
tive with a shorter open lifetime and is more selective than
the LS3 channel. In 0.5 M HCl, the LS2 channel has a single
conductance state of 120 pS with an average open lifetime of
1ms (15). In addition, the LS2 channel appeared to be imper-
meable to all tested cations, suggesting that the channel is
proton selective (25). Furthermore, studies have suggested
that LS2 peptides prefer tetrameric bundles (10,26,27),
behaving similarly to the influenza A viral M2 protein
(16,17,28,29). Unlike LS2, the LS3 peptides prefer to be in
a hexameric channel. This places LS3 in the group of chan-
nels with midsized pores that includes ion-selective nicotinic
receptors, anion-selective GABAa, and glycine receptors
(15,24,30). While the LS channels are simple/minimalistic,
they do contain the evolutionary conserved structural ele-
ments of ion channels. A primitive electrostatic model can
be used to explain that both the structure and the mechanism
of action of the LS channels (31). Understanding their mech-
anism of action and its relation to structure can provide in-
sights into the initial steps in the evolution of function
performed by membrane proteins.
The thrust of our research aims to provide a fundamental
understanding of how these minimal transmembrane chan-
nel moieties interact with one another by examining them
in various homooligomeric states. Our focus is on structural
and dynamical properties of ion channels in a membrane–
water environment without the presence of an externally
applied field. It was found experimentally that in the
absence of an applied voltage field, the LS channels form
open and stable structures for at least a millisecond (32).
In the presence of an applied voltage field, the LS channels
display asymmetric dependence of ion current on membrane
potential (31,33). The atomistic information obtained, in
terms of structural orientation and dynamical properties,
of these simple molecular assemblies can shed light on
structure, function, and even channel assembly of more
complex ion channels.
Although this article concentrates on the protein–protein
interactions and the dynamics of the proteins, analysis on
how the LS helical bundles affect the lipid environment
and how water molecules travel through the transmem-
brane pores formed by these bundles will be discussed in
other articles. Here, we report results from our all-atom
molecular dynamics simulations on systems from a singleBiophysical Journal 105(7) 1569–1580peptide to six peptides, embedded in a lipid bilayer placed
between two lamellae of water. The article is outlined as
follows. First, we present our simulation procedures and
protocols, followed by a discussion of the structural
arrangement of the oligomeric bundles as wells as their
dynamical properties. We conclude with a brief summary
and discussion of possible implications and future research
directions.METHODS
Molecular dynamics simulations were carried out on homooligomeric heli-
cal bundles formed by the amphipathic LS2 and LS3 peptides. Systems
containing either one single peptide or up to a six-helix bundle. These
were generated using an idealized structure with the transmembrane helical
bundle parallel to the bilayer normal. As exemplified by the tetramer initial
structure in Fig. 1, the peptides were symmetrically placed to form a bundle
of N-fold symmetry (N ¼ 3–6). To form a hydrophilic pore, we initially set
up each helix in the bundle to have the polar serine side chains facing the
interior of the bundle. The distance from the center of the bundle to each
peptide was minimized to enhance the interhelix hydrophilic interactions
in the pore. However, it was set to be large enough to avoid clashes of atoms
from adjacent helices. Helices were capped with an acetyl group at the
N-terminal and a NH2 group at the C-terminal. Each bundle was embedded
in a preequilibrated lipid bilayer consisting of palmitoyl-oleoyl-phospho-
tidyl-choline and placed between two lamellae of water. In total, 200 lipids
(100 lipids per leaflet) and 11,228 waters were used for each system, for a
total of 60,484 atoms for the environment, and 360 atoms per peptide for
LS2 and 334 atoms per peptide for LS3.
Simulations were carried out using the NAMD package (34) with the
AMBER03 force field (35) and TIP3P waters (36). The restrained electro-
static potential charges (37) were obtained from the molecular fragments
consisting of palmitoyl-oleoyl-phosphotidyl-choline by the R.E.D. (RESP
and ESP charge Derive) program (38). Periodic boundary conditions
were applied in all three spatial directions. The particle mesh Ewald method
was used for long-ranged electrostatic forces with a grid of 90  90  90
(39). A time step of 1.0 fs was used, and the long-range forces were updated
every 20 steps. An initial equilibration of 15 ns was performed under the
Molecular Dynamics of Oligomeric Bundles 1571NVT ensemble. The calculations were continued for at least 75 ns (Table 1)
using an NPgT ensemble in which a surface tension (g) of 45 mN/m was
applied. The applied surface tension aims to avoid the artificial elongation
along the normal of the bilayer interface due to problems with the force
field (40). An applied surface tension used in our simulation was similar
to work done by others (40–43). The resulted area per headgroup was
64.0 5 2.3 A˚2/lipid, which was in accordance with experimental values
ranging from 64.1 5 1.3 A˚2/lipid (44) to 68.3 5 1.5 A˚2/lipid (45). The
thickness of the bilayer (head-to-head distance) was found to be 40.2 5
1.1 A˚, in relatively good agreement with the experimental values ranging
from 37 A˚ (45) to 39 A˚ (44). In addition, a pure lipid bilayer (120 lipids
per leaflet) system was simulated for 100 ns and yielded an area per head-
group of 68.2 5 0.8 A˚2/lipid with a bilayer thickness of 41.0 5 1.9 A˚,
which was also in agreement with experimental works. A constant pressure
of 1 atm was maintained using Langevin piston with a period of 200 fs and a
decay time of 50 fs. The temperature was maintained at 310 K using Lan-
gevin damping with a damping coefficient of 5 ps–1. The simulation unit
cell fluctuated separately in each dimension and had an average size of
roughly 83 A˚ 77 A˚ 94 A˚, which is large enough so that periodic images
of the peptides do not interact.DISCUSSION
In the following section, we first introduce and give an over-
view of the structural properties analyzed. Then we discuss
and compare the structure and dynamics of each bundle
system.Structural properties overview
To analyze the structural properties of each bundle, we
calculated different quantities. Helix tilt angles and helix
length give us insight into the peptides’ orientation and
unwinding in response to the environment. To understand
the packing arrangement of the bundles, we examined the
interhelix distances, interhelix hydrophilic–hydrophilic in-
teractions, interhelix cross-angle between adjacent helices,
and protein hydrophobic-to-hydrophilic vector projections.
We also examined the dynamics of helix rotation through
autocorrelation with respect to time, which gives insight
into the relaxation and dynamical motions of each helix.
In addition, we examined the rotational velocity cross-corre-TABLE 1 Total simulation time used, the average helix length, and t
with the standard deviation
System NgPT simulation time (ns) Average helix length (A˚)
LS2 monomer 75 30.35 0.48
LS3 monomer 75 30.65 0.47
LS2 dimer 80 29.85 0.54
LS3 dimer 90 29.55 0.85
LS2 trimer 75 30.25 0.52
LS3 trimer 80 29.95 0.49
LS2 tetramer 80 30.25 0.38
LS3 tetramer 75 29.95 0.96
LS2 pentamer 80 30.15 0.54
LS3 pentamer 80 30.15 0.63
LS2 hexamer 80 30.25 1.4
LS3 hexamer 80 30.55 1.4
The fitted ellipse data to the average structure of each higher order bundle arelation between adjacent helices, which provides information
on packing arrangement of helices as well.
Helix length
Helix length was measured by calculating the distance from
the first Ca (C1) to the last Ca (C21) of each helix. The
average helix length is roughly 30 A˚ for both LS2 and
LS3 systems as expected because it was designed to span
the hydrophobic core of the membrane. The helices are
roughly the same length (within the error bars) and show
no significant uncoiling (Table 1). The root mean-square
displacement (RMSD) of each helix was also determined
with respect to a perfect a-helix. To remove fraying effects
at the ends of each helix, we calculated the RMSD using
only the middle 17 residues. The RMSD was found to be
less than 1 A˚ for systems containing one to five peptides
and 1.6 A˚ for systems with six peptides. This suggests
that the helices do not deviate significantly from perfect
a-helices throughout the simulation.
Helix tilt angles
Helix tilt angles were calculated by measuring the angle
between the normal of the bilayer–water interface (46)
and the principal eigenvector of the moment of inertia tensor
of each helix (Table 2) or the whole bundle (Table 1).
The tilting of the entire bundle (Table 1) or the individual
helices (Table 2) is generally greater for LS2 than for LS3,
regardless of the bundle size. The tilt angles of the LS3
individual helices and bundles never exceed 20, whereas
all LS2 bundles except the tetramer have tilt angles larger
than 20. Roughly half of the LS2 individual helices tilts
more than 20. The above behaviors of tilt angles can be
attributed to the difference in the sequences of the two types
of peptides. Because LS2 peptides have fewer polar residues
than LS3, a larger tilt angle allows for more favorable
hydrophobic interactions with the lipid core.
The tilting of the LS2 and LS3 tetramers as the whole
bundle is dramatically lower compared with that of the other
bundles and individual helices. This is the result of a netilt angles of the entire bundle during the last 50 ns of simulation
Average tilt of the bundle () Ellipse RMSD (major, minor axes (A˚))
22.35 2.0
5.95 2.9
28.45 2.2
5.15 2.0
21.75 2.0
10.15 2.7
3.55 2.9 1.95  10–11 (4.0, 3.7)
2.35 1.3 3.13  10–11 (5.5, 1.9)
29.75 1.8 2.16  10–9 (8.3, 3.6)
18.95 2.1 6.64  10–10 (7.1, 3.9)
23.95 5.8 0.303 (9.7, 6.6)
19.05 4.2 1.43 (8.3, 7.5)
also listed.
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TABLE 2 Average tilt angles over last 50 ns trajectory of individual helices with standard deviation
System Helix 1 () Helix 2 () Helix 3 () Helix 4 () Helix 5 () Helix 6 ()
LS2 monomer 22.35 2.0
LS3 monomer 5.9 5 2.9
LS2 dimer 20.75 2.1 30.15 2.5
LS3 dimer 15.25 2.3 6.8 5 1.7
LS2 trimer 23.05 1.9 11.05 2.4 22.35 2.1
LS3 trimer 19.75 2.3 14.45 3.2 10.25 1.8
LS2 tetramer 14.95 3.0 15.25 1.9 15.35 3.0 21.95 2.4
LS3 tetramer 2.5 5 1.3 16.95 1.8 6.8 5 2.2 12.55 1.93
LS2 pentamer 11.35 2.2 14.95 2.4 11.75 2.0 14.25 1.7 22.35 1.8
LS3 pentamer 16.05 2.3 10.55 2.9 18.95 2.2 5.45 2.0 6.05 2.9
LS2 hexamer 25.05 2.8 21.45 2.7 15.45 2.0 3.45 1.6 13.15 2.7 14.65 2.4
LS3 hexamer 10.55 2.7 11.35 2.3 7.7 5 2.1 14.85 2.6 3.75 2.5 5.95 2.4
1572 Nguyen et al.cancelling effect due to the symmetric ‘‘rectangular’’ LS2
tetramer and the symmetric ‘‘diamond’’ LS3 tetramer. In
both cases, the titling of the two peptides diagonal to each
other is of a similar angle but in the opposite direction;
therefore, each cancels out the other in calculating the over-
all tilt angle of the whole bundle. The result also indicates
that both LS2 and LS3 are stable in a tetrameric bundle.
Interhelix hydrophilic interactions
The interhelix hydrophilic interactions are measured by the
number of serine (oxygen) to serine (oxygen) contacts within
a cutoff distance of 3.5 A˚ (Table 3). The average numbers
of interhelix hydrophilic interactions are significantly higher
in the LS3 than in the LS2 systems. This is largely a conse-
quence of the LS2 peptide having six serine residues and the
LS3 peptide having nine serine residues.
Hydrophobic-to-hydrophilic vector projection
To investigate the structural orientation of the helices with
respect to each other, we calculated a vector projection
for each helix roughly representing the hydrophobic-to-
hydrophilic direction. This vector projection is defined as
the XY plane (bilayer–water interface) projection of the vec-
tor from the center-of-mass (COM) of the backbone atomsTABLE 3 Average number of interhelix serine–serine contacts with
during the last 50-ns of simulation time
System Average number of interhelix hy
H1–H2
LS2 dimer 2.55 0.7
LS3 dimer 4.05 1.0
H1–H2 H2–H3 H3–
LS2 trimer 05 0 05 0 2.4 5
LS3 trimer 2.35 0.9 3.35 1.0 2.8 5
H1–H2 H2–H3 H3–
LS2 tetramer 2.65 1.0 05 0 2.7 5
LS3 tetramer 2.05 1.0 2.65 1.1 2.5 5
H1–H2 H2–H3 H3–
LS2 pentamer 05 0 1.15 0.7 0 5
LS3 pentamer 1.95 0.9 1.85 0.8 1.0 5
H1–H2 H2–H3 H3–
LS2 hexamer 05 0 0.45 0.2 0 5
LS3 hexamer 0.85 0.8 1.55 1.1 0 5
Biophysical Journal 105(7) 1569–1580of the middle (11th) residue to the COM of the third serine
residue for LS2 or the fifth serine residue for LS3. This pro-
duces a vector pointing toward the hydrophilic face of the
peptide, which can provide insight into the structural
arrangement of each helix. Fig. 2 shows the average struc-
ture (A and C) of each bundle over the last 50 ns of simula-
tions and the hydrophobic-to-hydrophilic vector projections
(B and D) of each corresponding average structure. Based
on Fig. 2, it is evident that a polar pore is formed in bundles
of four to six helices, in which the hexameric bundle has the
largest pore and the tetramer has the smallest pore.
In addition, we have also fitted the tips of the above vector
projections to an ellipse for each higher order bundle (N ¼
4–6) average structure (Fig. 2, B and D). The lengths of the
ellipse axes and the RMSD from a perfect ellipse (Table 1)
give us a measurement of the shape of the bundle and its
deviation from symmetry. In general, both tetramers and
pentamers fit well with relatively low RMSDs and the
hexamers have larger deviations from perfect ellipses.
Interhelix distances for adjacent helix pairs
The interhelix distance is defined as the distance between
the COM of two helices adjacent to each other. Distribution
of the interhelix distances during the last 50 ns of simulationin a distance of 3.5 A˚ per configuration with standard deviation
drophilic contact within 3.5 A˚
H1
1.0
1.2
H4 H4–H1
1.2 05 0
1.0 1.5 5 1.0
H4 H4–H5 H5–H1
0 1.3 5 0.9 1.65 0.7
0.7 1.6 5 0.9 1.35 0.9
H4 H4–H5 H5–H6 H6–H1
0 05 0 05 0 1.45 0.8
0 1.4 5 0.9 0.85 0.7 1.85 1.0
FIGURE 2 LS2 (blue) and LS3 (red) average protein structure (A and C) and hydrophobic-to-hydrophilic vector projections (B and D) and fitted ellipse for
higher order bundles: (1) monomers, (2) dimers, (3) trimers, (4) tetramers, (5) pentamers, and (6) hexamers.
Molecular Dynamics of Oligomeric Bundles 1573time is shown in Fig. 3. The distributions for adjacent heli-
ces provide information on helix–helix interactions and gen-
eral packing arrangement. It is evident that, in general, LS3
bundles have smaller interhelix distances, indicating that
LS3 bundles have tighter packing arrangements because
they have more polar residues.
Interhelix cross-angles for adjacent helix pair
The interhelix cross-angle is defined as the angle between
two helix vectors, where the helix vector is the principle
eigenvector of the moment of inertia tensor of each helix.
Fig. 4 shows the distribution of the interhelix cross-angles
during the last 50 ns of simulation.Structural properties per bundle
Monomer (N ¼ 1)
In the monomer simulations, LS2 has a greater tilt angle
(22.3) than LS3 (5.9). Despite the difference in tilt angles,
both peptides maintain a transmembrane conformation dur-
ing the course of the simulations. This is the result of a
balanced act between two types of stabilizing interactions,the hydrophobic interaction between lipid core with the
leucine residues and the hydrophilic interaction between
the polar lipid headgroup with the serine residues. To elab-
orate, if the peptide contained only nonpolar leucine resi-
dues (LLLLLLL)3, then the peptide would be located at
the center of the bilayer in a parallel orientation (tilt angle
of 90), leaving it nontransmembrane. On the other hand,
a peptide containing only polar serine residues (SSSSSSS)3
will be expelled from the bilayer’s core and reside either
around the polar lipid–water interface or in the aqueous
phase. Hence, a balanced hydrophobic:hydrophilic ratio in
the sequence is the key in maintaining a transmembrane
conformation. Experimentally, it has been shown that the
most thermodynamically stable state of the LS3 monomer
is an orientation parallel to the membrane interface (47).
We believe, during our simulation of 75 ns, that the LS3
monomer is in a metastable state where it remains trans-
membrane. The difference in tilt angles of the two
transmembrane peptides is a result of the different hydro-
phobic:hydrophilic ratios in the peptide sequences. In the
case of a single peptide in the membrane, the polar residues
of the peptide cannot be shielded from the hydrophobic lipid
core by another helix. Given that LS3 has more polarBiophysical Journal 105(7) 1569–1580
FIGURE 3 LS2 (left) and LS3 (right) interhelix
distances distribution plotted over the last 50-ns
trajectory with the top-view images of the average
structure of each bundle. Labeled as follow for
each distribution: LS2 (A) and LS3 (B) trimer;
LS2 (C) and LS3 (D) tetramer; LS2 (E) and LS3
(F) pentamer; LS2 (G) and LS3 (H) hexamer.
1574 Nguyen et al.residues, a more vertical orientation will lead to more favor-
able hydrophilic interactions between the serine residues
and the polar lipid headgroups. It has been estimated that
a single polar amino acid such as serine can stabilize the
transmembrane peptides by 1–2 kcal/mol (47). On the other
hand, for the LS2 helix with fewer polar residues, the pep-
tide increases its tilt angle to increase contacts between
the nonpolar residues and the hydrophobic lipid tails, maxi-
mizing the hydrophobic interactions.
Dimer (N ¼ 2)
The LS2 dimer also has greater tilt angles than the LS3
dimer, whether it is the tilt angle of the whole bundle (Ta-
ble 1) or of individual helices (Table 2). The interhelix
cross-angle was found to be 15 for the LS2 dimer, which
is smaller than the tilt angle of any individual helix in the
LS2 dimer. This indicates that the two helices in the dimer
are tilting in the same direction with respect to the bilayer
normal, which leads to a smaller cross-angle. For the LS3
dimer, the interhelix cross-angle was found to be 21, whichBiophysical Journal 105(7) 1569–1580is larger than that of the individual LS3 helices (15.2, 6.8).
In addition, the individual tilt angles are both larger than the
overall tilt angle of the whole bundle (5.1). Both results
indicate that the two helices are tilting in the opposite
direction.
It was found that on average there are more interhelix
serine–serine contacts in the LS3 dimer (Table 3) than in
the LS2 dimer because of the larger number of polar resi-
dues in LS3. In addition, the interhelix distance in the LS2
dimer was found to be 9.0 A˚, whereas the LS3 dimer had
a distance of 8.2 A˚. Both results indicate stronger interhelix
interactions in the LS3 dimer.
Trimer (N ¼ 3)
It is evident from both average structure and vector projec-
tion (Fig. 2) that the LS2 trimer prefers a ‘‘dimer–
monomer’’ conformation. The vector projection shows two
helices (H1 and H3) interacting with one another similarly
to the LS2 dimer. The orientation of the other helix (H2)
is not optimal for interhelix hydrophilic interaction with
FIGURE 4 Distribution plots of the adjacent in-
terhelix cross-angles of LS2 (left) and LS3 (right)
over the last 50-ns trajectory with the top-view
images of the average structure of each bundle.
Labeled as follow for each distribution: LS2 (A)
and LS3 (B) trimer; LS2 (C) and LS3 (D) tetramer;
LS2 (E) and LS3 (F) pentamer; LS2 (G) and LS3
(H) hexamer.
Molecular Dynamics of Oligomeric Bundles 1575H1 and H3. The average number of interhelix serine–serine
contacts within 3.5 A˚ per configuration gives 2.4 contacts
between H1 and H3 and no contact between H2 with either
H1 or H3. Fig. 3 A shows that the interhelix distance is short-
est between H1 and H3. In addition, the H1–H3 ‘‘dimer’’
tilts in the same way as the LS2 dimer, where the two helices
are tilted in matching direction with tilt angles of ~23 and a
smaller cross-angle of ~13. Unlike H1 and H3, H2 sits more
vertical in the bilayer with a smaller tilt angle of ~11. All
results confirmed that the H1–H3 pair forms a dimer simi-
larly to the LS2 dimer and the ‘‘monomer’’ (H2) interacts
with the dimer, but is not an ‘‘equal’’ partner.
By inspecting the average structure and vector projection
of the LS3 trimer (Fig. 2, D(3)), it was observed that the
hydrophilic faces of all three helices are orientated toward
the center to form a symmetric ‘‘trimer’’ conformation.
The average number of serine–serine contacts (Table 3)
shows that all three helices are interacting with one another
to the same extent. Furthermore, the overlapping peaks of
the interhelix distance distributions (Fig. 3 B) and the
cross-angle distributions (Fig. 4 B) are also consistentwith a symmetric trimer structure. However, as can be
seen from the slightly broader distribution of the H1–H2
interhelix distance, the trimer ‘‘breathes.’’ This implies
that the bundle hinges at H3 with an H2–H3–H1 bending
motion. The slightly smaller average serine–serine contact
of 2.3 between H1 and H2 supports this model.
In summary, the LS2 trimer exhibits an asymmetric
‘‘dimer–monomer’’ conformation, whereas LS3 forms a
symmetric trimer. This is a direct result of the different
hydrophilic–hydrophobic topologies of the two peptides
and is rationalized as follows: To form a symmetric trimer
conformation, the hydrophilic face of one helix must
interact equally with the other two helices. Because the
LS3 peptide has enough hydrophilic residues, this equally
distributed hydrophilic interaction can be accomplished.
However, given the smaller number of hydrophilic residues
in the LS2 peptide, it is more favorable for two helices to
interact strongly with each other in a dimer–monomer
arrangement. In other words, there are not enough hydro-
philic residues for one helix to form equally strong interac-
tions with the other two residues.Biophysical Journal 105(7) 1569–1580
1576 Nguyen et al.Tetramer (N ¼ 4)
Both average structure and vector projection (Fig. 2, A(4)
and B(4)) indicate that the LS2 tetramer is in a ‘‘dimer of
dimers’’ conformation. The dimers, H1–H2 and H3–H4,
represent the two shorter sides of a rectangle. The major
and minor axes are roughly parallel to the longer and shorter
sides of the rectangle. The distribution of interhelix dis-
tances and interhelix cross-angles also supports the ‘‘dimer
of dimers’’ characterization. Specifically, the H1–H2 and
H3–H4 (‘‘in the dimer’’) distances are similar to each
other and smaller than the H2–H3 and H1–H4 (‘‘across
the dimer’’) distances, which are also similar to each other.
The same trend is observed for the interhelix cross-angles
as well. The average number of serine–serine contacts
within 3.5 A˚ (Table 3) shows evidence of a ‘‘dimer of
dimers’’ structure as well. There are strong interactions
between the two helices within a ‘‘dimer,’’ with an average
contact number of 2.6 and zero contacts between two
helices across a ‘‘dimer.’’ Our findings on the ‘‘dimer of
dimers’’ structure of the LS2 tetramer can relate to
recent work on the influenza A M2 channel because both
channels are in tetrametic states and are proton-selective
channels. Magic angle spinning solid state NMR data
from multiple backbone sites indicate that the tetrameric
assembly of the influenza A M2 channel has a twofold
symmetry, which is in support of a ‘‘dimer of dimers’’ struc-
ture (48). A computational (QM/MM) study on the M2
channel found a ‘‘dimer of dimers’’ structure for the His37
residue, where a strong hydrogen bond resulted in a
imidazole–imidazolium type of dimer (49). The ‘‘dimer of
dimers’’ structure obtained here supports the above experi-
mental work.
Visual inspection of the average structure and vector pro-
jection shows that the LS3 tetramer has the hydrophilic face
of all four peptides facing toward the center and forming a
diamond-shape arrangement (Fig. 2, C(4) and D(4)). Ellipse
fitting indicates that the major axis (5.0 A˚) is much longer
than the minor axis (1.9 A˚). This is in line with the diamond
shape in which the longer diagonal of the diamond is
roughly parallel to the major axis of the ellipse. Analysis
of the tilt angles, interhelix distances, cross-angles, and
interhelix serine–serine contacts mostly supports the dia-
mond-shape tetrameric structure. Particularly, the average
number of serine–serine contacts between adjacent helices
(the four sides of the diamond) is roughly the same
(~2.0). The two helices across the longer diagonal of the
diamond are H2 and H4. There is no serine–serine contact
between them, whereas H1 and H3, which face each other
across the diamond structure, have an average serine–serine
contact of 2.0. On the other hand, the interhelix distances
data show that the diamond arrangement might have a trace
of ‘‘dimer of dimers’’ characteristics. Specifically, the four
interhelix distances between adjacent peptides (the four
sides of the diamond) fall into two groups. Distances H1–Biophysical Journal 105(7) 1569–1580H2 and H3–H4 are slightly larger than distances H2–H3
and H4–H1. Overall, the observed data are consistent with
a mostly tetrameric bundle forming a stable ‘‘diamond’’
structure.
The ‘‘rectangular’’ geometric packing arrangement sug-
gests that the LS2 tetramer is in an ‘‘open’’ channel, whereas
the tighter ‘‘diamond’’ shape indicates that the LS3 tetramer
is in a ‘‘closed’’ state. In addition to the interhelix distances
in Fig. 3 C for LS2 and Fig. 3 D for LS3, we also measured
distances between the two helices that are diagonal to each
other in either the rectangle (LS2) or diamond (LS3)
arrangement. In the LS2 tetramer, the two diagonal interhe-
lix (H1–H3 and H2–H4) distances are ~14.0 A˚ and the two
longer adjacent pair interhelix (H1–H3 and H2–H4)
distances are ~11.0 A˚, which suggests an open channel.
However, in the LS3 tetramer, only one interhelix distance
(H2–H4, long diagonal of the diamond) is ~15.0 A˚, whereas
the other diagonal of the diamond (H1–H3) is ~8.0 A˚, and
all adjacent pairs (all four sides of the diamond) have rela-
tively small interhelix distances of 8 to 9 A˚. This indicates
a ‘‘closed’’ state for the LS3 tetramer. The distributions of
the interhelix cross-angles in the LS2 tetramer (Fig. 4 C)
are broader than those of the LS3 tetramer (Fig. 4 D), again
suggesting an ‘‘open’’ channel conformation for LS2 and
closed conformation for LS3 tetramer. We have confirmed
this speculation by tracking the movement of water mole-
cules through (or not through) the pore of the tetrameric
bundles. The data will be presented in a subsequent article.
Pentamer (N ¼ 5)
From the vector projection (Fig. 2, B(5)), the LS2 pentamer
is of a ‘‘trimer–dimer’’ structural type, where H1, H4, and
H5 form a trimer, and H2 and H3 form a dimer. The inter-
helix distances of adjacent helices are in agreement with
the vector projection: H1–H2 and H3–H4 pairs are larger
in distance than any other adjacent pairs, and H2–H3 has
the smallest distance (Fig. 3 E). In addition, there is no
hydrophilic contact in helix pairs, H1–H2 and H3–H4, as
expected. There is at least one serine–serine contact in helix
pairs H2–H3, H4–H5, and H5–H1. These are helix pairs
within the dimer or trimer, which is in line with the conclu-
sion that the LS2 pentameric bundle is of a ‘‘trimer–dimer’’
conformation.
It is not surprising that the conformation of the LS3 pen-
tamer is more pentameric than that of LS2 because LS3 has
more hydrophilic residues lining the pore of the bundle. For
instance, the fitted ellipse shows that the five helices are
more evenly distributed along the perimeter of the ellipse
in the LS3 than the LS2. The fitting of the LS3 pentamer
also produces an RMSD of roughly one magnitude lower
than that of the LS2 pentamer. In addition, the interhelix dis-
tances between adjacent helices are relatively short
(<10 A˚). The distributions of LS3 interhelix distances and
cross-angles are more clustered together when compared
with the widespread distributions of LS2 helix pairs
Molecular Dynamics of Oligomeric Bundles 1577(Fig. 3 F and Fig. 4 F). All are consistent with a more
pentameric conformation, as each adjacent LS3 helix pair
represents a side of the pentamer. Most important, the
average numbers of adjacent interhelix serine–serine con-
tacts within 3.5 A˚ are similar for the five sides of the LS3
pentamer, again in line with a ‘‘pentameric’’ structural
type. Nonetheless, the variation in interhelix distances,
cross-angles, and serine–serine contacts is still large enough
to suggest lower order bundle characteristics. For example,
the H1–H5 interhelix distance is around ~8 A˚, which is
significantly shorter than any other interhelix distances
and is similar to the LS3 dimer. From the dynamics calcula-
tion discussed below, the LS3 bundle exhibits some
‘‘trimer–dimer’’ structural characteristic, where H2, H3,
and H4 behave similarly to a ‘‘trimer’’ arrangement, and
H1 and H5 form a ‘‘dimer’’ arrangement.
In summary, the LS2 pentameric bundle is found to be of
‘‘trimer–dimer’’ arrangements, whereas the LS3 pentamer is
more of a ‘‘pentameric’’ configuration with some lower
order bundle characteristics. The LS2 pentamer has a larger
pore than the LS3 pentamer based on the fitted ellipse axes.
Furthermore, our study of the water movement through (or
not through) the pore indicates an ‘‘open’’ channel of the
LS2 pentamer and a ‘‘closed’’ conformation for the LS3
pentamer because of a bottlenecked area near the water–
lipid interface. The overall structural features of the LS2
pentamer suggest that it may not be as stable as the LS3
pentamer.
Hexamer (N ¼ 6)
Based on the average structure and vector projection
(Fig. 2), both the LS2 and LS3 hexameric bundles show a
relatively large hydrophilic pore. In the LS3 hexamer, the
arrangement of the helices is more symmetrical, with all
six peptide hydrophilic faces pointing toward the center of
the hexamer. In the LS2 hexamer, there are two helices
with their hydrophilic faces slightly off center from the
rest of the bundle, indicating signs of instability. Judging
from the fitted ellipse major and minor axes, the LS2 hex-
amer has a slightly larger pore than LS3.
Both the LS2 and LS3 hexamers have the characteristics
of lower order bundles. However, there is larger dynamical
fluctuation in the hexamer structure than in any other struc-
ture (monomer to pentamer). As a result, the RMSD values
of the ellipse fitting for the hexamers are poor compared
with the tetramers and pentamers. Thus, it is harder to iden-
tify one single stable arrangement of lower order bundles
throughout the course of the simulation time. The LS2 hex-
amer can be loosely described as a ‘‘dimer–dimer–mono-
mer–monomer’’ structure, where H6-H1 and H2–H3 form
two ‘‘dimers’’ and H4 and H5 act as monomers. This is
based on the analysis of interhelix hydrophilic contacts
and distances. The average number of interhelix serine–
serine contacts between H6 and H1 is 1.4. The only other
nonzero serine–serine contact is 0.4 between H2 and H3.There are no serine–serine contacts within 3.5 A˚ for the re-
maining adjacent helix pairs. Interestingly, the ‘‘monomers’’
H4 and H5 have the smallest tilt angles, indicating that they
behave similarly to the ‘‘monomer’’ H2 in the LS2 trimer
bundle. This led us to believe that a LS2 ‘‘monomer’’ in a
higher order bundle usually maintains a more vertical orien-
tation because of the presence of nearby helices compared
with an isolated, single LS2 monomer, which prefers a
larger tilt angle.
As shown in the vector projections and fitted ellipse
(Fig. 2 D), the LS3 hexamer has a more symmetric struc-
ture, with all six helices having their hydrophilic faces
pointing toward the hexamer center. The major (8.3 A˚)
and minor (7.5 A˚) axes for the fitted ellipse of the LS3 hex-
amer are close to each other, suggesting a more circular
‘‘open’’ structure. Contrary to the LS2 hexamer, all except
one adjacent helix pair (H3–H4) serine–serine contacts
are nonzero in the LS3 hexamer. This suggests that the
LS3 hexamer is more stable than the LS2 hexamer. On
the other hand, the large interhelix distance of H3–H4
(>12 A˚) and the zero H3–H4 hydrophilic contact suggest
lower order bundle characteristics. In addition, our results
are in accordance with the work by Randa et al. (26), which
yielded cross-angles ranging from 0 to 15 for the LS3 hex-
americ bundle.Dynamical properties
In addition to the structural features measured above, we
also analyzed the dynamics of the systems. The dynamics
of the rotation of each helix and the correlation between
helices can further our understanding of the packing
arrangement of the helical bundles and how higher order
bundles (N ¼ 4–6) are composed of lower order bundles
(N ¼ 1–3).Helix rotation and correlation
The rotation of the helix is measured by calculating the
angle between two vectors, a fixed reference vector (the X
axis of the simulation box) and an XY plane projected vector
from the COM of each helix to the COM of the serine side
chain atoms of each helix. From the obtained rotational
angles (q), an autocorrelation (Ci) with respect to time
was performed:
CiðDtÞ ¼ hdqiðtÞdqiðt þ DtÞi; (1)
where dq ¼q – q in which q is the average rotational angle
and the angular brackets denote average over time (t).
The autocorrelation (Ci) decreases exponentially with
time (Dt) as evidenced by a good fit to a single exponen-
tial decay. The decay constants for the relaxation rates
obtained from the fitting are tabulated in Table 4 for each
helix.Biophysical Journal 105(7) 1569–1580
TABLE 4 Relaxation rate of homooligomeric bundles with asymptotic standard error
System Helix 1 (ns–1) Helix 2 (ns–1) Helix 3 (ns–1) Helix 4 (ns–1) Helix 5 (ns–1)
LS2 monomer 0.085 0.0003
LS3 monomer 0.215 0.0005
LS2 dimer 0.205 0.0009 0.095 0.0004
LS3 dimer 0.285 0.0023 0.305 0.0007
LS2 trimer 0.205 0.0005 0.655 0.0065 0.415 0.0016
LS3 trimer 0.135 0.0005 0.055 0.0004 0.105 0.0005
LS2 tetramer 0.435 0.0008 0.165 0.0016 0.425 0.0005 0.185 0.0011
LS3 tetramer 0.135 0.0005 0.445 0.0010 0.335 0.0005 0.285 0.0007
LS2 pentamer 0.315 0.0009 0.465 0.0026 0.215 0.0008 0.045 0.0003 0.055 0.0005
LS3 pentamer 0.165 0.0008 0.155 0.0011 0.425 0.0012 0.105 0.0006 0.525 0.0031
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rotational velocities of adjacent helices:
Cij ¼
D
q
:
i , q
:
j
E
; (2)
where the angular brackets denote average over time.
Because the rotational angle (q) is calculated on a 0 to
360 (2p) scale, the velocity of rotation is directional (i.e.,
positive velocity is counterclockwise and negative velocity
is clockwise). Therefore, a positive Cij indicates rotation
of the two helices in the same direction and vice versa.
The results for cross-correlations between adjacent helices
are shown in Table 5.
The relaxation of helix rotation with respect to an initial
state is generally determined by the interaction of each helix
with its environment. Thus, a helix that forms stronger inter-
actions with other helices or with the lipid core should take
longer to relax (smaller decay constant). For the lower order
bundles, this is generally observed. However, the relaxation
rates of individual helices in higher order bundles (N¼ 4–6)
cannot be easily explained. This is because the systems are
becoming more complex and helix–helix and helix–lipid
interactions are becoming more unpredictable. In addition,
the hydrophilic pores formed in higher order bundles
allowed water to flow through the pore, which further com-
plicates the environment that one helix feels. Therefore, our
discussion below on higher order bundles focuses only on
the implication of correlation data on the structural packing
arrangement.TABLE 5 Cross-correlation of the rotational velocities between ad
System Cross-correlation
H1–H2
LS2 dimer 0.155 0.03
LS3 dimer 0.065 0.01
H1–H2 H2–H3
LS2 trimer 05 0 0.055 0.01
LS3 trimer 0.035 0.01 0.095 0.02
H1–H2 H2–H3
LS2 tetramer 0.195 0.03 0 5 0
LS3 tetramer 0.085 0.02 0 5 0
H1–H2 H2–H3
LS2 pentamer 05 0 0.045 0.01
LS3 pentamer 05 0 0.105 0.02
Biophysical Journal 105(7) 1569–1580Monomer
In the case of the monomers, LS3 has a faster relaxation rate
than LS2. Because the LS2 monomer has a much greater tilt
angle than LS3 (22 vs. 6), the stronger nonpolar interac-
tions between the LS2 peptide and the hydrophobic lipid
core cause the slower relaxation from its initial state.
Dimer
The decay constants of both helices are again larger in the
LS3 dimer than those of the LS2 dimer. This is similar to
the monomer results and in line with the smaller tilt angles
of LS3. In addition, the decay constants of the two helices
are similar to each other in the LS3 dimer. Conversely, the
two helices in the LS2 dimer relax at different rates, which
is partly due to their different tilt angles (20 and 30). The
larger tilt angle again slows down the relaxation. From the
cross-correlation of helix rotational rates, both helices rotate
in the same direction and are strongly correlated in both the
LS2 and LS3 dimer.
Trimer
The trimer bundles differ where LS2 has a ‘‘monomer–
dimer’’ structure, and LS3 has a ‘‘trimer’’ structure. It was
found that all LS2 helices have larger relaxation rates than
the LS3 helices. This is different from both the monomer
and dimer cases but can be explained if helix–helix interac-
tions are taken into account. Due to having stronger interhe-
lix polar interactions (Table 3), the relaxation from thejacent helices with standard deviations
of the rotational velocity (degrees/ps)2
H3–H1
0.185 0.03
0.185 0.03
H3–H4 H4–H1
0.085 0.02 0 5 0
0.095 0.02 0 5 0
H3–H4 H4–H5 H5–H1
05 0 0.025 0.006 0.075 0.02
0.065 0.02 0 5 0 0.045 0.01
Molecular Dynamics of Oligomeric Bundles 1579initial state is slowed down significantly for the helices in
the LS3 trimer. The cross-correlations among all helices in
the LS3 trimer are positive and are relatively strong, indi-
cating a ‘‘trimer’’ packing arrangement. For the LS2 dimer,
helix 2 relaxes the fastest, and its rotation does not correlate
strongly with H1 and H3 (Table 5). This again supports the
monomer–dimer structure categorization.
Tetramer
For the LS2 tetramer, both relaxation rates and cross-corre-
lation data support the ‘‘dimer of dimers’’ (H1–H2 and
H3–H4) structural characterization discussed earlier. Inter-
estingly, similar to the LS2 dimer, one helix relaxes at a
faster rate than the other within a dimer. As stated earlier,
the LS3 tetramer forms a tetrameric diamond-shape
arrangement. However, the cross-correlation data show
that the diagonal H1–H3 pair exhibits strong ‘‘dimer’’ char-
acteristics. In addition to the dimer-like interhelix distance
of ~8.0 A˚ and an average of 2.0 serine–serine contact, the
H1–H3 helix pair has the highest cross-correlation value
(0.185 0.03 (degrees/ps)2). There is no significant correla-
tion in helix pairs H2–H3 and H4–H1 and much smaller and
negative correlation in helix pairs H1–H2 and H4–H1.
Pentamer
Similarly, the cross-correlation data of LS2 pentamer sup-
port the previous characterization of a ‘‘trimer–dimer’’
structural arrangement. There is no correlation in helix
pair H1–H2 or H3–H4 in which the two helices are ‘‘across’’
the trimer–dimer boundary. Weak correlation was found for
helix pairs that are within the dimer or trimer. For the LS3
pentameric bundle, the interhelix distance and hydrophilic
contact data mostly support a pentameric arrangement.
Within this pentameric arrangement, a H1–H5 dimer char-
acteristic was observed. The cross-correlation data suggest
a ‘‘trimer–dimer’’ arrangement with a trimer of H2–H3–
H4 and a dimer of H5–H1. There is no correlation in the
H1–H2 or H4–H5 pair in which the two helices are ‘‘across’’
the trimer–dimer boundary. Weak correlation was found for
helix pairs that are within the dimer or trimer.
Hexamer
The dynamic correlation analysis of the hexameric systems
are not included in the discussion because of the strong influ-
ence of water traversing through the pore of the bundle. This
is an interfacial system inwhich the rotation of the peptides is
heavily influenced by polar interactions with the water flow;
thus, no conclusion was drawn by looking at the relaxation
rate of each helix or the cross-correlation of helix pairs.CONCLUSIONS
We performed simulations of homooligomeric helical bun-
dles consisting of one to six synthetic LS2 or LS3 peptidesin a membrane–water environment under a NPgT ensemble
for a minimum of 75 ns. We examined several peptide prop-
erties, such as helix tilt angles, helix lengths, and interhelix
hydrophilic interactions. We showed that the LS2 and LS3
bundles behave differently because of the different number
of polar residues in each helix. We found that the LS2 pep-
tide generally has a larger tilt angle than the LS3 peptide
because LS2 is more hydrophobic and has the tendency to
maximize its hydrophobic interactions with the lipid core.
Both the structural and dynamic analyses indicate that
higher order bundles containing four to six peptides are
composed of multiple lower order bundles of one to three
peptides. For these hierarchical structures to form, interhelix
hydrophilic contact is required. We also observed that there
is a minimum of two strong hydrophilic contacts (serine–
serine (O–O) distance less than 3.5 A˚) found between a
pair of adjacent helices in bundles of two to four peptides
and only one strong hydrophilic interhelix contact between
adjacent helices in bundles of five or six peptides.
It was found that LS2 is stable in the tetrameric bundle
containing ‘‘dimer of dimers.’’ LS3 was found to be stable
in bundles of three to six helices, where the hexameric
bundle is the only ‘‘open’’ state conformation, and the
other conformations (N ¼ 3–5) are ‘‘closed.’’ The polarity
of the peptide has a strong impact on the preferred oligo-
meric state of the channel. The increase in the number of
hydrophilic residues strengthens the interhelix interactions,
which in turn play a pivotal role in the structural packing
arrangement.
Results from our work can be applied to general ion chan-
nels because these peptides, despite their simple sequences,
possess the essential channel-forming characteristics and
are known to form ion channels in membranes. The
simplicity of these LS channels and the fact that they pro-
vide similar functional properties as naturally occurring
ion channels make them ideal candidates for molecular
dynamics studies. Our subsequent articles will provide a
detailed analysis on the perturbation of lipid environment
and water movements through the hydrophilic pore in these
systems.
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